ABSTRACT. Long chain n-3 fatty acids are beneficial to mammals because of their anti-inflammatory role. However, whether flaxseed oil, which is rich in short chain n-3 fatty acids, has such a role, it has not been extensively examined. This study investigated the supplementation of flaxseed oil on the regulation of genes involved in inflammatory responses such as heat shock proteins (HSP90 and HSP70) and interleukin (IL1β) in the white blood cells of dogs. Five beagles and 5 greyhounds were supplemented with Melrose ® flaxseed oil at the rate of 100 mL/kg food for 21 days. The blood was collected at day 0, 15, and 22 following supplementation. The expression of 3 genes was quantified using real-time polymerase chain reaction. Plasma concentrations of fatty acids such as alpha linolenic acid, eicosapentaenoic acid, docosahexaenoic acid, linoleic acid, and arachidonic acid were measured, and their correlations with changes in gene expression were determined. Flaxseed oil supplementation downregulated the Flaxseed oil alters gene expression in dogs expression of HSP90 and IL1β in greyhounds but showed no significant effect on these genes in beagles. HSP70 remained unchanged in both breeds following the supplementation. Correlations of HSP90 and IL1β expression levels with the plasma fatty acid concentrations on day 22 showed a significant negative correlation in greyhounds. Dietary flaxseed oil altered the expression of genes involved in inflammation in white blood cells. Because the expression of the genes may vary in different breeds, it will be useful to consider breed responses to dietary manipulation in canine nutrition management.
INTRODUCTION
Long chain n-3 fatty acids (LCn-3FA) are beneficial to mammals because of their antiinflammatory role (Wall et al., 2010) . Such role has been demonstrated in the relief of several human inflammatory diseases such as cardiovascular disease (Kris-Etherton et al., 2002; Adkins and Kelley, 2010) , rheumatoid arthritis, inflammatory bowel disease, and asthma (Calder, 2006) . With recent advances in molecular biological technology and the availability of enormous genetic data in the public database, attention has been diverted to the understanding of the influence of LCn-3FA on the expression of genes involved in immune responses. Using a whole genome transcriptomic analysis, Bouwens et al. (2009) demonstrated a change in gene expression of 1040 genes involved in inflammatory-and atherogenic-related pathways in blood mononuclear cells when human subjects consumed 1.8 g eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) per day for 26 weeks, which further emphasized the potential beneficial effects of LCn-3FA. However, it is reported that fish consumption has been reduced because of the high cost and diminishing global fish stock sources (Brunner et al., 2009 ) and increasing levels of methyl mercury in fish (Mahaffey, 2004) . Hence, there is a need to investigate plant-based sources of n-3FA.
Alpha linolenic acid (ALA) is the precursor of LCn-3FA. Present in green leafy vegetables, certain seed oils, beans, and nuts (Sinclair et al., 2002) , it is abundant in flaxseed oil, which has an ALA content of 53% (Barceló-Coblijn and Murphy, 2009) . The ability to elongate ALA to LCn-3FA such as EPA and DHA is limited in humans (Burdge and Calder, 2005) and varies between men and women (Burdge, 2004) . It has been demonstrated that dietary ALA from flaxseed oil reduces inflammation by decreasing the production of inflammatory cytokines, lipids, and lipoproteins (Zhao et al., 2004 (Zhao et al., , 2007 . However, the exact mechanism underlying the role of dietary ALA per se is not clear. To the best of our knowledge, no report has been published on the impact of flaxseed oil on the expression of white blood cell inflammatory genes in animals or humans. It has been reported, however, that n-3FA up-or downregulates the expression of genes through their interaction with respective transcription factors in vitro or in the immune system -the lymphocytes (Sampath and Ntambi, 2004) . It is not clear yet whether the mechanism involves the direct interaction between n-3FA and the transcription factors or an indirect role of n-3FA through the metabolic pathways leading to the activation of transcription factors. Pure sodium salts of ALA and ALA from fruit sources have been studied, and the results showed that the ALA exhibits an anti-inflammatory role by inhibiting a transcription factor (nuclear factor; NF-κB) via the activation of another transcription factor (peroxisome proliferator activated receptor-γ; PPARγ) (Zhao et al., 2005; Ren and Chung, 2007) . However, the influence of ALA from flaxseed oil on gene expression in the white blood cell has not been investigated.
Beneficial impacts on canine health have been shown in dogs that were supplemented with LCn-3FA such as EPA and DHA (Campbell, 1993; Bauer, 2008; Ramadeen et al., 2010) . Canine in vitro studies investigating the influence of LCn-3FA on isolated peripheral blood mononuclear cells showed no influence on cytokine gene expression (Stehle et al., 2010) . Previous studies in humans using LCn-3FA from fish sources have demonstrated changes in the gene expression of heat shock proteins (Gorjao et al., 2006) and inflammatory cytokines (Weaver et al., 2009) . Additionally, it has been shown that dogs can elongate ALA to EPA, but not to DHA, with the supplementation of dietary flaxseed (Bauer et al., 1998; Dunbar et al., 2010; Purushothaman et al., 2011) . However, the impact of short chain n-3FA (SCn-3FA) on gene expression has not been investigated in dogs, nor have breed differences been examined.
This study aims to test the hypothesis that ALA-rich flaxseed oil will alter the expression of genes involved in inflammation, in a similar manner as fish oil in dogs, and to see if breed differences exist. This study will answer 3 questions. First, do the expression levels of inflammatory genes in white blood cells change as a result of flaxseed oil supplementation? Second, do two different breeds respond differently to the same supplementation regime? Third, do the changes observed in gene expression correlate with changes in plasma fatty acid composition?
MATERIAL AND METHODS

Animals and diet
We used 5 beagles and 5 greyhounds, all females, aged between 2 and 9 years and weighing an average of 12.4 ± 1.2 and 25.6 ± 2.0 kg, respectively, at the start of the study. These dogs were housed at the University of New England (UNE) dog research facilities at Armidale, NSW, Australia. Only dogs that were healthy upon veterinary inspection on the day of arrival were selected for the study.
All dogs were fed a nutritionally complete and balanced commercial dog food (substantiated by the Association of American Feed Control Officials feeding protocol) for 4 months, with ad libitum access to water. Diets were then supplemented with Melrose ® flaxseed oil containing 57% ALA and 17% linoleic acid (LA) at the rate of 100 mL/kg food, which equated to 2.4 ± 0.2 mL/kg body weight (30 mL/beagle and 60 mL/greyhound) for 3 weeks. Diets were offered once daily (300 g for beagles and 600 g for greyhounds), and there were no refusals during the 3-week supplementation period. The detailed composition of the basal and supplementation diets has been described previously (Purushothaman et al., 2011) .
The care and use of all the animals in this study followed the guidelines set by the UNE Animal Ethics Committee (Authority No. AEC09/072), in accordance with section 25 of the Animal Research Act (1985) .
White blood cell harvest and RNA extraction
Whole blood samples from beagles (20 mL) and greyhounds (50 mL) were collected from the jugular vein at fasting state on day 0 (pre-supplementation), 15, and 22, and they were immediately transferred into ethylenediaminetetraacetic acid (EDTA)-coated vials. White blood cells (WBCs) were extracted using a modified protocol of ammonium chloride lysis of erythrocytes (Muirhead et al., 1986) . One part whole blood was mixed with 5 parts 1X ammonium chloride erythrocyte lysing reagent (0.1 mM EDTA, 150 mM NH 4 Cl, and 10 mM NaHCO 3 ) and incubated on ice for 45 min until complete lysis of erythrocytes occurred. The WBC pellet was obtained after centrifugation at 2000 g for 5 min at 4°C. This procedure was repeated twice to remove erythrocyte remnants found in the WBC pellet. Total RNA of the WBC pellet was extracted using Trizol reagent (Life Technologies, Mulgrave,VIC, Australia) and further purified with RNeasy Mini Kit (Qiagen, Clifton Hill, VIC, Australia) following manufacturers' instructions. The RNA yield was quantified using NANODROP Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA), and the integrity of RNA was assessed on 1.2% agarose gels stained with 1:50 concentration Gelstar nucleic acid stain (Cambrex, Rockland, ME, USA).
Reverse transcription and real-time polymerase chain reaction (PCR) analysis
cDNA was synthesized by a 2-step process using the cDNA Synthesis Kit (Bioline, Sydney, NSW, Australia) following the manufacturer protocol. A negative control was performed by negating the reverse transcriptase. Quantitative real time PCR was performed using a Rotor-Gene 6000 real-time PCR Thermocycler (Corbett Research, Mortlake, NSW, Australia) in a 10-µL reaction mixture that contained 1X PCR buffer (Bioline), 1.5 mM MgCl 2 , 0.2 mM dNTP, 0.5 μM forward primer, 0.5 μM reverse primer, 0.5 U Biotaq DNA polymerase (Bioline), 1.5 μM Syto9 green fluorescent nucleic acid stain (Invitrogen, Sydney, NSW, Australia), and 25 ng cDNA. The primers were manually designed using the Primer 3 and Net Primer programs following the principle for the primer design that was used in the quantitative PCR assay (Table 1) . B2M was chosen as the housekeeping gene after the initial test and validation together with other housekeeping gene candidates HPRT1, RPS7, and RLP8. The real-time PCR conditions were achieved with the following steps: the mixture was preheated to 50°C for 2 min, and then it was denatured at 95°C for 10 min followed by 40 cycles of denaturation for 15 s, annealing at 60°C for 30 s, and extension at 72°C for 60 s. A final extension step was performed at 72°C for 2 min. The fluorescence signals were collected at the end of each annealing step during the PCR cycles. The melting curve analysis was performed to assess the specificity of the PCR amplification and primer quality, and it was achieved by increasing the temperature of the reaction following PCR cycles from 50° to 99°C, with an increment rate of 1°C every 5 s. The sizes of the PCR products were determined on 1.2% agarose gel and stained with a 1:50 concentration Gelstar nucleic acid stain (Cambrex) to confirm the specificity of the amplification. To quantify the relative gene expression level, a comparative cycle threshold (Ct) method was used (Schmittgen and Livak, 2008) . cDNA samples were amplified in duplicates for target genes and the B2M housekeeping gene. The fluorescence Ct values were automatically detected using the quantitation analysis module of the Rotor-Gene 6000 series software (Corbett Research, Sydney, NSW, Australia). ∆Ct values were then calculated by the difference in Ct values of the candidate gene and the housekeeping genes. These values were then used for statistical analysis. Additionally, for quality control, a standard dilution curve was constructed using the quantitation analysis program of the Rotor-Gene 6000 series software (Corbett Research) to assess the amplification efficiency of the PCR.
Plasma fatty acid analysis
Plasma was extracted from sub-samples of whole blood (above) by centrifugation at 1900 g for 15 min at 4°C. The fatty acid composition was analyzed using an acetyl chloride methylation procedure (Munro and Garg, 2013) . Fatty acid methyl esters such as ALA, EPA, DHA, LA, and arachidonic acid (AA) were measured by gas chromatography (Hewlett Packard 6890, Hewlett Packard, Palo Alto, CA, USA) and identified by comparing peak retention times with the retention times of synthetic standards of known fatty acid composition (Nu Check Prep, Elysian, MN, USA). Each fatty acid concentration is expressed as a percentage of the total fatty acid content.
Statistical methods
Windows MINITAB Version 14 (Minitab Limited, Coventry, WMD, UK) was used for statistical analysis. For all of the analyses, a P value <0.05 was considered to be statistically significant. Breed differences in gene expression with respect to day of supplementation were determined using a general linear model (GLM), with breed and day as main effects and with age and body weight as random factors. Within a particular breed, one-way analysis of variance (ANOVA) was used to analyze the effect of flaxseed oil supplementation on gene expression. For each plasma fatty acid constituent, within a particular breed, one-way ANOVA was used to analyze the change in concentration with the day of supplementation. The correlation between plasma fatty acid concentrations and the levels of gene expression was examined using the Pearson correlation coefficient.
RESULTS AND DISCUSSION
Different gene expression between two breeds
Because the age and body weight did not contribute to the expression of all 3 genes as random factors, the GLM model without random factors was used to evaluate the effect of breed, day, and breed x day interaction. The level of gene expression (HSP90 and IL1β) was significantly different between the 2 breeds ( Table 2) . Beagles had higher expression of these 2 genes than greyhounds. However, days of treatment did not show a significant effect on the expression of both genes. No significant interaction was observed between breed and day.
It has been previously reported that LCn-3FA metabolism is genetically regulated, as demonstrated in different transgenic strains of mice (Ko et al., 2003) . This is consistent with the findings of our previous study, wherein breed differences in dogs were demonstrated for LCn-3FA metabolism when plasma n-3FA was analyzed (Purushothaman et al., 2011) . However, in this study, the expression levels of the 3 genes were different in both breeds even prior to supplementation. Greyhounds showed differential expression of the HSP90 and IL1β genes following the supplementation of flaxseed oil. However, such changes were not observed in beagles. The differential gene expression observed only in greyhounds could be because of their higher plasma concentrations of ALA and EPA compared to the beagles on day 22 postsupplementation of flaxseed oil. Prior to supplementation, the plasma concentrations of ALA were lower in greyhounds than in beagles. As the supplemented diet had 52 times more ALA than the basal diet had (Purushothaman et al., 2011) , it is likely that the greater change of ALA in the body caused the greyhounds to respond by downregulating the HSP90 and IL1β genes.
Flaxseed supplementation downregulated the expression of HSP90 and IL1β in greyhounds, which correlated with the plasma fatty acid concentrations
The gene expression levels were investigated independently in each breed. The values used for analysis were ΔCt so that an increase in ΔCt indicates a decrease in gene expression. In the WBCs of the greyhound, the expression of both genes (HSP90 and IL1β) significantly decreased on day 22 of the flaxseed oil supplementation in comparison with those on day 0, i.e., before the supplementation took place (Figure 1) . The average ΔCt value of HSP90 increased from 4.8 to 6.5, and that of IL1β increased from 10.9 to 12.2. On day 15, the flaxseed oil downregulated HSP90 gene expression and the ΔCt values changed from 4.8 to 6.4, whereas the expression level of IL1β did not change. In contrast, the expression levels of the HSP70 gene did not show significant alterations on either day 15 or 22 of flaxseed supplementation in the greyhounds. The expression levels of these 3 genes were not significantly affected by the supplementation of flaxseed oil in the beagle.
Of the 5 fatty acids that were studied, plasma ALA and EPA significantly increased from day 0 to day 22 in both breeds (Figure 2) . Plasma DHA and AA did not significantly change in either breed, while plasma LA significantly increased in only greyhounds and not in beagles. Regression analysis of the expression levels of the HSP90 and IL1β genes in greyhounds against the concentrations of the plasma fatty acids was performed to investigate Table 2 . Differential expression of the HSP90, HSP70 and IL1β genes (ΔCt) in the greyhounds and beagles.
whether the expression alterations were associated with the levels of plasma fatty acids. Plasma levels of ALA and EPA showed significant positive correlations with the ΔCt, and negative correlations with the expression of HSP90 (r = 0.654 and 0.527, respectively) and IL1β (r = 0.375 and 0.372, respectively) ( Table 3) . A trend (P < 0.10) was detected between IL1β gene expression and the plasma fatty acid concentrations of ALA and EPA. No significant correlation was observed between the other fatty acids (DHA, LA, and AA) and gene expression data.
The plasma fatty acid concentration in the beagles showed no significant correlation with any of the 3 genes that were investigated. * Values denote significant P values (P < 0.05). **Values denote trends (P < 0.10). Means between columns without a common superscript differ significantly. *P < 0.05, **P < 0.01.
A B
It has been reported that supplementation with LCn-3FA often leads to the differential expression of genes involved in inflammatory-related metabolic pathways (Simopoulos, 2002; Calder, 2006; Deckelbaum et al., 2006) . Fish oil addition in diets for humans and animals has been studied extensively to assess the role of n-3FA in regulating the immune system, which directly responds to inflammation-related disorders (Fisher et al., 1986; Yoshino and Ellis, 1987; LeBlanc et al., 2008) . However, flaxseed oil supplementation in animal diets as a fish oil replacement has only been reported in a limited number of studies (Caughey et al., 1996; Mueller et al., 2005; Park et al., 2011) . Further, to the best of our knowledge, no gene expression studies have been reported to investigate the response of genes to flaxseed oil supplementation. The major component of fatty acids in flaxseed oil is ALA (Cunnane et al., 1993) , which has been reported to exhibit an anti-inflammatory role in vitro through NF-κB and mitogen-activated protein kinase pathways (Ren and Chung, 2007) . In our previous study, supplementation of flaxseed oil in the diets of dogs resulted in increased concentrations of plasma EPA, suggesting that the ALA was elongated to EPA (Purushothaman et al., 2011) . In this study, the addition of flaxseed oil in the diets downregulated the HSP90 and IL1β genes, suggesting that ALA and/or EPA modulated the activities of the genes that are possibly relevant to the inflammatory responses. Moreover, the downregulation of the genes was negatively correlated with the plasma concentrations of ALA and EPA following the 22 days of supplementation. Because ALA performs an anti-inflammatory role in vitro through NF-κB and mitogen-activated protein kinase pathways and may activate PPARβ/δ (Zhao et al., 2005; Ren and Chung, 2007) , its negative correlations with the HSP90 and IL1β inflammatory genes may imply an immunosuppressive role in greyhound dogs. On the other hand, the higher concentrations of EPA from ALA elongation may have affected the downregulation of HSP90 and IL1β. EPA has been found to downregulate IL1β in healthy humans (Weaver et al., 2009) . This is consistent with our findings in this study. Therefore, we can speculate that EPA at least has an additive role in the downregulation of IL1β. DHA has been found to upregulate the HSP90 gene in neutrophils and monocytes of healthy humans (Gorjao et al., 2006) . In contrast, in our study, the flaxseed oil supplementation downregulated HSP90 in the WBCs of greyhound dogs. It has been shown that different n-3FA can have different effects on gene expression and on functions of neutrophils, monocytes, and lymphocytes (Verlengia et al., 2004; Gorjao et al., 2006 Gorjao et al., , 2009 . The roles of ALA or EPA in the regulation of the inflammatory-related genes may be different from that of DHA. Apparently, the regulation of the genes upon the n-3FA supplementation was found in different species or different types of cells (Verlengia et al., 2004; Gorjao et al., 2006 Gorjao et al., , 2009 . The effect of species differences cannot be completely ruled out. Therefore, further investigations into the regulation of the genes involved in the inflammatory metabolic pathways are warranted.
CONCLUSION
In conclusion, the findings in this study suggest that dietary ALA supplemented from flaxseed oil altered the expression of genes involved in inflammation in WBCs. Although flaxseed oil supplementation produced similar responses of the genes involved in inflammatory metabolic pathways as fish oil, different n-3FA may not always have the same effect on the metabolic responses and gene expression. Furthermore, as the expression of the genes varies in different breeds, which reflects relatively different metabolic activities in the animals, it is important to take breed difference into account in canine nutrition management.
